Abstract. At present, positioning plants in machine tools are looking for high degree of accuracy and robustness attributes for the purpose of compensating various disturbance forces. The objective of this paper is to assess the tracking performance of Cascade P/PI, Nonlinear PID (NPID) and Nonlinear cascade (N-Cascade) controller with the existence of disturbance forces in the form of cutting forces. Cutting force characteristics at different cutting parameters; such as spindle speed rotations is analysed using Fast Fourier Transform. The tracking performance of a Nonlinear cascade controller in presence of these cutting forces is compared with NPID controller and Cascade P/PI controller. Robustness of these controllers in compensating different cutting characteristics is compared based on reduction in the amplitudes of cutting force harmonics using Fast Fourier Transform. It is found that the Ncascade controller performs better than both NPID controller and Cascade P/PI controller. The average percentage error reduction between N-cascade controller and Cascade P/PI controller is about 65 % whereas the average percentage error reduction between cascade controller and NPID controller is about 82 % at spindle speed of 3000 rpm spindle speed rotation. The finalized design of N-cascade controller could be utilized further for machining application such as milling process. The implementation of N-cascade in machine tools applications will increase the quality of the end product and the productivity in industry by saving the machining time. It is suggested that the range of the spindle speed could be made wider to accommodate the needs for high speed machining. .
Introduction
High tracking accuracy and precision are two vital components required in the manufacturing process. A good example of machining application is milling operation where a work piece is fed past a rotating cylindrical tool with multiple cutting edges. Both of these components are paramount important because it will lead to high-quality end product that will be delivered to customer. In an interrupted cutting operation, the teeth of a milling cutter enter and exit the work piece at each revolution. Therefore, it is highly critical that the tool material and the cutter geometry are chosen carefully to withstand the cycles of impact cutting forces and thermal shock that might result from these physical interactions [1] . These forces are natural consequences of the cutting process and could not be avoided. For performance purposes, the ability of the system to withstand these forces and its impact will determine the standard and quality of the end product to be manufactured.
Knowledge on characteristics of these cutting forces is essential in designing the appropriate technique for its compensation [2] [3] [4] [5] . The cutting force characteristics are influenced by the cutting parameters such as feed rate, depth of cut, and spindle speed. Variations in these cutting conditions will affect behaviour of the cutting forces in terms of its magnitudes and its harmonics content. Failure to realise this phenomenon could reduce the quality of the finished product as the cutting forces may cause vibration of the structure thus leading to a poor surface roughness measurement. Hence, an efficient and reliable compensation technique is desired in order to improve the tracking performance in machine tools applications. Previous researches on several compensation methods and approaches are discovered and have shown promising results; for example, Inverse Model Based Disturbance Observer [6] , classical cascade controller [7] and Repetitive Controller [8, 9] , and based on the familiar PID control. Result based on PID controller [5] shows that the tracking error can be trim down until millimeter point only whereas results based on [8, 9] show that the tracking error is reduced up to micron meter level via direct drive xy table. Furthermore, it is found that most of the research work were based on dedicated cutting forces and did not consider changing of the spindle speed. As a result, there is a need to conduct a research based on various spindle speed. In this research work, the controller designed is based on this needs in which the spindle speed is varied. Figure 1 shows the ball-screw driven XY milling table of an XYZ-Stage produced by Googol Tech. The XY milling table consists of two axes namely; x and y axes, driven by two Panasonic MSMD 022G1U A.C. servo motors respectively. Both axes are equipped with an incremental encoder for positioning measurement. The resolution of the encoder is 2500 pulse/rev with screw pitch of 5 mm and multiple frequencies of 4. In other words, the resolution of the encoder is 0.0005 mm/pulse. Two limit switches are located in the near end of both axes. The total mass of x-axis is 36.8 kg while the total mass of the y-axis is 23.4 kg. The XY milling table consists of two axes namely; x and y axes, driven by two Panasonic MSMD 022G1U A.C. servo motors respectively. Both axes are equipped with an incremental encoder for positioning measurement. The resolution of the encoder is 2500 pulse/ rev with screw pitch of 5 mm and multiple frequencies of 4. In other words, the resolution of the encoder is 0.0005 mm/pulse. Two limit switches are located in the near end of both axes. The total mass of x-axis is 36.8 kg while the total mass of the y-axis is 23.4 kg. controller is chosen to control the position of the system. The system identification process has been carried out in [10] [11] [12] . In general, the plant is an XY table system driven by ballscrew drive. The transfer function of the plant is as follows:
Methods
where Y is the position of the table in millimeter and U is the input voltage signal in volt. 
Design of controller 1(Cascade P/PI)
Cascade P/PI controller belongs to the conventional group of controller and this control structure is widely applied in most machine control algorithm. The cascade P/PI control consists of a PI controlled inner velocity loop with a P controller in the outer position loop. Figure 4 shows the basic structure of a cascade P/PI controller [13] . Table 2 illustrates the finalized values of K p , K i and K v for the controlled system. 
Design of controller 2[Nonlinear PID(NPID) controller]
In general the suggested nonlinear PID (NPID) controller is developed by a sector bounded nonlinear gain, K(e) that is integrated in series (cascade) with PID controller. Figure 8 illustrates the block diagram of the NPID control system. The parameters of the traditional PID controller are acquired based on previous work [14] which is based on the desired gain and phase margin. The self tuned gain adjustment, K(e) behave as a nonlinear function of error, e(t) which is bounded in the sector 0 ≤ K(e) ≤ K(e max ) as pointed out in equation 2 and equation 3. These can be classified as the range of available choice for the nonlinear gain, K(e). The output formed from this nonlinear function is acknowledged as scaled error, f e and the equation of f e is presented in equation 4. Alternatively, the overall equation of NPID controller can be viewed as in equation 5.
Figure 8. Block diagram of the NPID control system [15]
Nonlinear Gain ,
e ; if |e| ≤ e max Error, e = e max *sign(e); else |e| > e max (3) Scaled Error, f e = K(e)*e(t)
General transfer function of NPID, 
Design of controller 3[Nonlinear cascade (N-Cascade) controller]
Basically, the proposed nonlinear cascade controller is constructed by a combination of two basic function block; namely nonlinear function and cascade P/PI function block. By combining those two function blocks, it is expected that this controller could inherit the plus point of Nonlinear function in NPID controller and the robustness characteristic from cascade P/PI controller. In other words, by having the characteristics of nonlinear function and robustness properties, the controller could have the ability not only to compensate cutting force disturbance at fix value but also at multiple value. It is because the nonlinear algorithm has automatic self-adjusting mechanism in which it will inject higher gain when the system detect higher value of error and in contrast, it will inject lower gain when the system detect lower value of error. Figure 9 portrays the block diagram of nonlinear cascade control structure. 
Result and discussion
The measured cutting forces are injected to the system (as illustrated in figure 4 ) as disturbances. The tracking performance cascade P/PI, Nonlinear PID (NPID) and Nonlinear Cascade (N-cascade) controller are analysed and compared based on their robustness against variable cutting force disturbance. Analyses on magnitudes of the harmonic components of the error signal is conducted in order to quantify the compensation performance of these controllers against external cutting forces. Table 5 compares the harmonic amplitudes of the position error signal recorded between cascade P/PI, Nonlinear PID (NPID) and Nonlinear Cascade (N-cascade) at varying spindle speed rotations. As expected, the N-cascade controller produces improved performance compared to the other two controllers. The results appeared to concur as N-cascade controller successfully inherit the attributes of NPID controller and cascade P/PI controller. called water bed effect. It means when at certain point the error is being push to reduce, the other point will be likely to increase. Results also show that nonlinear cascade controller is able to compensate and reduce tracking error components generated from various different cutting force disturbances. controller. The advantages of the implementation of N-cascade in machine tools applications are obvious in which it will increase the quality of the end product and the productivity in industry by saving the machining time. 
